The kinetics of an interchain exchange reaction in homogeneous polymer blends is studied theoretically. A set of kinetic equations describing the evolution of the block weight distribution is derived. It is demonstrated that the process may be divided into a fast and a slow stage. The former results in the almost full disappearance of homopolymer chains. Simultaneously, the block weight distribution becomes close to the Flory distribution. In the course of the slow stage, the average block lengths decrease to values typical of a completely random copolymer. It is explicitly shown that for an initial blend of homopolymers characterized by the Flory distribution, the transient block weight distribution takes the Flory form starting from the onset of the reaction. The copolymer composition is proved to change in the course of the fast stage of the process. Previous attempts to address the problem are discussed.
Introduction
Interchain exchange reactions proceed at elevated temperature (100 -300°C) in the blends of condensation polymers. This paper concerns a reaction between two internal groups, which is called the direct interchain exchange (below we use the abbreviation 'interchange'). It includes transesterification: If two condensation polymers A and B are mixed, any interchange reaction produces a block copolymer AB. With the extent of the reaction, the contents of homopolymers and the average block length in the copolymer decrease and eventually a completely random (Bernoullian) copolymer is formed. The molecular weight distribution (MWD) of the system transforms to the most probable distribution regardless of the initial conditions.
In the presence of a multiblock copolymer, the blend compatibility is enhanced while the individual properties of homopolymers are suppressed. The practical importance of interchange reactions has two aspects. First, the compatibility of a polymer blend may be improved directly in the course of composite processing and, second, a chance is provided to prepare novel copolymers with given composition and degree of randomness. Often, the interchange proceeds spontaneously as it is accelerated by catalysts used for polycondensation and remaining in industrial condensation polymers.
Kotliar [1] and Porter and Wang [2] reviewed the experimental data pointing out the features of interchange in different polymer pairs. The influence of various factors such as temperature, duration of the reaction, the initial structure and composition of a blend, and role of catalysts and stabilizers is elucidated. In the latter paper, the methods used to monitor interchange reactions are classified. Some additional information on these reactions may be found in the reviews by Koning et al. [3] and Lambla [4] . The forefront of the field including experiment, theory and Monte Carlo modeling is analyzed in the recent review by Litmanovich et al. [5] Two models of direct interchange have been studied in theory so far, and both of them are related to homogeneous systems. One model was introduced by Kotliar [6, 7] who assumed that any interchange reaction may be treated as a two-step process. First, due to breaking of ester or amide bonds in a backbone, each chain undergoes several random cleavages, their number being proportional to chain length. Then, the broken chain ends are coupled at random (any given end has an equal chance to join to every other end) to restore the initial number of chains. If the probability of any bond break per unit time is constant, the number of interchanges per average chain, S, is proportional to the time and, hence, may be used as a measure of the reaction extent. This model enables one to calculate easily the transient molecular weight and block weight distributions (MWD and BWD, respectively) as functions of S.
Nevertheless, several shortcomings of Kotliar's consideration should be mentioned. Initially, a blend of two homopolymers each having the most probable MWD is taken. Then, it is assumed that the transient MWD after S interchanges per number-average chain may be considered as a sum of two Flory distributions each characterized by an S-dependent number average. Later it was shown [8] that this assumption is valid but the number averages of the blend components were found by Kotliar incorrectly. Then, Kotliar's approach does not work at late stages of the reaction as it totally ignores the inverse reaction in which formed units break and units identical to initial ones appear. Besides, it is supposed that a chain cleaves up to a certain extent but obviously the number of chain breaks S can not exceed the number of ester or amide bonds it had initially. Finally, Kotliar's model takes into account interchanges between different units (A and B) solely. However, interchange between similar units (A and A, B and B) does not influence MWD and BWD only if the initial blend components have the most probable MWD.
An alternative model of direct interchange is based on the assumption that a reaction event includes simultaneous cleavage of two chain backbones at the place of their contact followed by joining the four broken ends in another order. It is possible to derive the kinetic equation for this model, the approach being devoid of shortcomings mentioned above. Up to now, two problems were investigated, both limited to the case of a single rate constant.
First, the evolution of MWD was described both analytically and numerically [8] [9] [10] for blends of chemically identical or very similar polymers (for example, polyhydroxyacids). It was demonstrated that the transient MWDs may be quite different depending on the initial conditions, however, the limiting distribution was the Flory one in all cases.
Second, the evolution of the chains' structure was studied in theory treating interchange as a reversible reaction between dyads containing bonds that are able to break and immediately join: AA + BB 2 AB. Assuming that the rate constants of direct and inverse reactions are equal, the simple kinetic equation may be easily solved [11, 12] . The dependencies of the fractions of different dyads on time may be used for interpreting the experimental data by NMR or, as the number of dyads approximately defines the number of A-and B-blocks in the copolymer, by SANS, both mentioned techniques being actively used nowadays for studying interchange reactions [5] .
It is clear that copolymer properties are determined not only by the dyadic distribution. Thus knowledge of the total BWD is very important, particularly, for estimating the ability of the copolymer to ordering. In this paper, we derive kinetic equations that describe the evolution of BWD in the course of a direct interchange reaction. To keep analytical calculations possible, we do not consider the most general case although our approach can be easily extended to more complicated situations. Our study contributes to the important problem of extracting the characteristics of a copolymer formed in the course of interchange from data relating to the whole sample [13] . We draw distinctions between our results and the predictions by Kotliar [7] .
Theory
Consider a homogeneous blend of homopolymers A and B containing one interchangeable (ester or amide) bond per repeating unit. Assume that such bonds belong to main chains, so the repeating units may be denoted by A 1 -A 2 and B 1 -B 2 , respectively, where a dash stands for the interchangeable bond. In the course of the reaction, units A 1 -B 2 and A 2 -B 1 are formed. Generally, the value of a rate constant characterizing a direct interchange reaction depends on the nature of four groups. It is easy to count that the number of independent rate constants equals 10. In this work, we consider the simplified situation where the rate constant value is determined by the nature of only two groups, say, A 1 and B 1 where R i (i = 1 -4) designate 'tails' of the reacting chains. Let k AA , k BB , and k AB be the rate constants, i.e., the probabilities for a pair of contacting units (A with A, B with B, A with B, respectively) to react per unit time. We assume that the rate constants are independent of R i , therefore, they coincide for the direct and inverse reactions.
We neglect the reactions between units belonging to the same chain that lead to the formation of cyclic chains. Since in a dense system (melt) most of contacting units belong to different chains, our assumption should be valid as a certain approximation. Incorporation of cyclization in the theory of interchange reactions is undoubtedly an interesting task that could be considered elsewhere.
Our aim is to derive a set of kinetic equations describing the evolution of BWD in the course of a direct interchange reaction. To this end, we denote by m Ai A new i-sequence A may be formed due to the AA-reaction or the AB-reaction. In the former case, a 'newborn' sequence is composed of two cleaved A-sequences:
Let r be the ordinal number of a just formed unit in an i-sequence, and j and l be the lengths of the 'parent' sequences which should be sufficiently long (j ≥ r and l ≥ i -r + 1). We assume that unit numbering in the i-sequence starts from the end that comes from the j-sequence. Let n be the total number of units in the system, each unit (independently of its type) having z units neighbouring in space. Thus, at each moment of time there are nz/2 reactive pairs in the blend. The probability that a pair is formed by A-units belonging to a j-sequence of α-type and an l-sequence of β-type equals jm Aαj lm Aβl /n 2 , α, β = 1, 2, 3. The probability that this pair reacts yielding an i-chain of δ-type joined at the r-th unit is c δ αβ /(jl), where 
We recall that in our model a repeating unit contains one interchangeable bond that may be situated at the left or at the right of an A-group (and of a B-group) with equal probability. As only one position leads to the formation of an i-sequence, we have inserted an extra factor of 1/2 in all elements of $ c , the same applies to the matrices (II) a terminal B-unit:
This reaction increases the number of i-sequences by (III) a B-unit neighboring to another B-unit:
The number of i-sequences formed per unit time is 
Let us remark that in cases (I) -(III) the reacted B-unit and formed i-sequence of Aunits are situated in different chains. However, the opposite case (IV) is also possible if an A-unit belonging to a j-sequence reacts with a B-unit that afterwards flanks on the formed i-sequence of A-units:
An expression for the number of i-sequences formed per unit time has the form ( ) , which is equal to the probability for an arbitrarily taken Aunit to belong to an i-sequence of δ-type (homopolymer chain A or end block A or internal block A).
Results and discussion

A. General relations
It is evident that the number of AB-dyads (both AB and BA are included) per unit, R AB , as well as the total number of A-sequences, m A , are changed due to the ABreaction only. The kinetic equations for these quantities are easily derived from Eq.
(1) using the relations
It is remarkable that Eq. (2) constitutes a closed set of equations that can be easily solved analytically. For the initial conditions corresponding to the melt of two homopolymers A and B, we get the number of AB-dyads per unit ( ) 
and the average length of an A-sequence ( If, however, one is interested in shortening of the sequences of one type only, say A, then it is reasonable to decrease the fraction of A-units, φ, or to increase the initial chain length, N A0 , as it is demonstrated in Fig. 1 and Fig. 2 , respectively. Indeed, a decrease of φ means the replacement of A-units that surround a given A-unit with Bunits thus promoting AB-reaction, whereas an increase of N A0 leads to more interchanges per initial A-chain thus shortening it to a greater relative extent. It is worth noting that the early stages of the interchange shown in Figs. 1 and 2 just correspond to the domain of applicability of Kotliar's theory [7] . 
where N A0 and N B0 are the initial number-average degrees of polymerization. This special case is typical of practical mixing of two condensation polymers.
We search for the solution of Eq. (1) 
in the form of the most probable (Flory) distribution: m t h t a t
It is convenient to introduce the generating functions
In this notation, summations in Eq. (1) are replaced by differentiation with respect to the parameter p. Solving Eq. (1) as a system of ordinary differential equations for a t Aδ ( ) and h t Aδ ( ), δ = 1, 2, 3, and reverting to the Flory distributions, we get where R AB (τ) and N A ( ) τ are defined by Eqs. (3) and (4), τ = zk t AB . Note that the terms proportional to k AA are canceled from Eq. (1) because the supposed Flory distribution of A-blocks is the limiting one for the AA-reaction [7, 8] .
The equilibrium distribution of A-sequences {m A i st δ }, which is independent of the initial conditions, may be found by turning τ to ∞ in Eqs. (3) and (4) and substituting 
If N >> 1 and φ is not very close to 1, then
1 is rather short, so we may neglect the terms ~ 1/N in Eq. (7) thus finding that the equilibrium BWD is well approximated by the Bernoullian distribution
corresponding to the completely random copolymer. 
approaching its limiting value
However, the simple analysis of Eq. (10) with account for Eqs. (3) and (4) shows that φ τ It is interesting to compare the distribution of A-sequences in the copolymer chains and in the blend as a whole. Since the number of i-sequences A in the copolymer equals m A2i + m A3i , we easily get the weight function of the BWD of A-units for the copolymer ) (
The corresponding function for the blend as a whole is 
and plot it in Fig. 3 , we see that in general φ cop changes in time in contrast to the constant fraction of A-units in the blend, φ. This contradicts the results by Montaudo [15] who modelled the direct interchange by a Monte Carlo method and concluded that the copolymer composition should coincide at any time with the composition of the blend. However, it is rather clear that two reacting homopolymer chains produce a diblock copolymer chain with block length ratio proportional -on average -to the ratio of homopolymer chains lengths rather than to the composition of the blend. 
C. Interchange in a blend of initially monodisperse polymers
Now we turn back to Eq. (1) again. As we have no idea of finding its analytical solution under arbitrary initial conditions, we developed a computer program that solves it numerically. The program uses the programming language Turbo Pascal 7.0 to realize an explicit scheme of solving the system of 3N max ordinary differential equations of the first order, N max being the user-assigned highest possible degree of polymerization. Program verification was carried out for the initially monodisperse blend at N A0 = N B0 = 100, φ = 0.5, k AA = k BB = k AB = k, since the BWD for this system has been investigated recently by Monte Carlo simulation [16, 17] .
The weight functions of the BWD, ψ Acopi and ψ Ai (see definitions in Eqs. (11) and (12)) characterizing copolymer AB and the blend as a whole (copolymer AB and remaining homopolymers A and B), respectively, are plotted in Fig. 4 and Fig. 5 for different values of the dimensionless time τ = zkt. Let us remark that τ has the meaning of the number of interchanges per unit at time t. We identify an interchange with a change in the chain length, therefore, each reaction event involving two chains includes two interchanges.
First of all, a good agreement between theoretical curves and Monte Carlo points should be mentioned. Thus, the elaborated program for the numerical solution of Eq. (1) works properly. Therefore, the subsequent evolution of the BWD may be described by the relations derived in subsection B. The BWD preserves the Flory form (see Eq. (6)) characterized by the number-average chain length N A that decreases in the course of the reaction according to Eq. (4). Note that Eqs. (4) and (5) are valid for the considered system at any time as they were derived for the initial blend of two homopolymers with given number-average chain lengths, irrespective of their MWD.
As shown by Monte Carlo modelling of direct interchange under different initial conditions [17] , rather fast relaxation of the BWD to the Flory form accompanied by an exhaustion of the homopolymers and followed by a slow shortening of the average block length is a typical scenario of the process.
Conclusions
In this paper, we have derived for the first time a set of kinetic equations describing the evolution of the block weight distribution in the course of a direct interchange reaction proceeding in a homogeneous polymer blend.
We have found analytical expressions for the time-dependent average length of Aand B-sequences and for the number of AB-boundaries per unit. For the initial blend of homopolymers characterized by the Flory MWD, we have obtained the transient BWD in an explicit form.
We have elaborated a numerical procedure for the solution of the kinetic equations and tested it for the initially monodisperse binary blend. The theoretical predictions have been confirmed by Monte Carlo simulation.
Investigations reveal the following picture of the direct interchange kinetics. The whole process may be divided into a fast and a slow stage. The former takes up a few interchanges per average chain. As a result, the homopolymer chains almost disappear, therefore, the copolymer composition becomes nearly equal to the composition of the blend; at the same time the BWD of A-and B-units becomes close to the Flory distribution. In the course of the slow stage, the average block lengths tend to values typical of the completely random (Bernoullian) copolymer. The equilibrium state sets in when nearly each repeating unit experiences at least one interchange.
Previous attempts to address the problem have been discussed. The theory by Kotliar [7] was shown to approximate fairly well the fast stage of the process. The conclusion by Montaudo [15] concerning the permanent coincidence of the copolymer composition with the total composition of the blend has not been confirmed.
It would be interesting to derive kinetic equations for BWD evolution in the course of an end-group interchange, an alternative mechanism of exchange reactions involving terminal groups of polymer chains. The comparative study of transient MWD in the course of a direct interchange and an end-group interchange [18] enabled us to propose a criterion of discrimination of these reactions in polymer blends. Very likely, such a criterion may be proposed basing on the peculiarities of the BWD evolution.
